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Segregation of nonexchange chromosomes during
Drosophilamelanogastermeiosis requires the proper
function of NOD, a nonmotile kinesin-10. We have
determined the X-ray crystal structure of the NOD
catalytic domain in the ADP- and AMPPNP-bound
states. These structures reveal an alternate confor-
mation of the microtubule binding region as well as
a nucleotide-sensitive relay of hydrogen bonds at
the active site. Additionally, a cryo-electron micros-
copy reconstruction of the nucleotide-free microtu-
bule-NOD complex shows an atypical binding
orientation. Thermodynamic studies show that NOD
binds tightly to microtubules in the nucleotide-free
state, yet other nucleotide states, including AMPPNP,
are weakened. Our pre-steady-state kinetic analysis
demonstrates that NOD interaction withmicrotubules
occurs slowly with weak activation of ADP product
release. Upon rapid substrate binding, NODdetaches
from the microtubule prior to the rate-limiting step of
ATP hydrolysis, which is also atypical for a kinesin.
We propose a model for NOD’s microtubule plus-
end tracking that drives chromosome movement.
INTRODUCTION
Proper and faithful segregation of chromosomes during cell divi-
sion is an essential biological process for normal eukaryotic life.
During meiosis, the segregation of those chromosomes that fail
to undergo meiotic exchange (also known as achiasmate or non-
exchange chromosomes) is accomplished by the so-called
‘‘distributive system’’ of meiotic segregation. Distributive segre-
gation systems have been well characterized in numerous
organisms, including budding yeast, C. elegans, and D. mela-
nogaster (Cheslock et al., 2005; Dernburg et al., 1996; Meneely
et al., 2002). The nod gene was first identified on the basis of
a mutant that strongly affected the segregation of homologous110 Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc.chromosomes at the first meiotic division in Drosophila oocytes
(Carpenter, 1973). Specifically, the protein product of the nod+
gene is required for the proper segregation of nonexchange
chromosomes without impairing the segregation of chromo-
somes that do undergo meiotic exchange via crossing over.
NOD is a chromokinesin-like protein from the kinesin-10 family
that is localized along the arms of meiotic chromosomes (Afshar
et al., 1995; Zhang et al., 1990). NOD consists of an N-terminal
kinesin-like catalytic domain and a C terminus that contains
two types of DNA binding motifs (Cui and Hawley, 2005).
Although NOD lacks the capacity for movement along microtu-
bules (MTs) (Matthies et al., 2001), it binds preferentially to MT
plus ends both in vivo and in vitro and stimulates MT polymeriza-
tion (Cui et al., 2005). These results suggest that NOD functions
by tethering the chromosome arms to polymerizing MT plus
ends, thus ‘‘pushing’’ the chromosome arms away from the
poles and toward the metaphase plate (Matthies et al., 1999).
This model was independently supported in mitotic cells through
RNAi-based elimination of NOD function (Goshima and Vale,
2003).
The finding that ATP hydrolysis was not required for NOD to
stimulate MT polymerization raised concerns about the role of
the catalytic domain in mediating NOD function (Cui et al.,
2005). Genetic studies have identified a dominant cold-sensitive
allele of nod, known as nodDTW, which is associated with
a substitution near the active site (S94N). As a heterozygote,
the nodDTW mutant exhibits severe defects in chromosome
segregation in female meiosis, which fully mimic those observed
for loss-of-function alleles. This demonstrates that the NODDTW
mutant protein not only fails to function itself, but can also antag-
onize the function of wild-type NOD. Although loss-of-function
alleles of nod have no detectable effects on mitosis, the nodDTW
mutation induces a temperature-sensitive defect in mitosis that
leads to cold-sensitive lethality. The dominant negative effects
of the nodDTW mutation can be ablated by second-site amino
acid substitutions within the nod gene (Rasooly et al., 1994).
Although these second-site intragenic mutations are not true
second-site revertants and do not restore wild-type function,
they do abolish the deleterious function of the NODDTW mutant.
One such mutation (D151N) is adjacent to the MT binding region,
while another (R194H) is involved in the communication
between the active site and the MT binding region. These data
suggest that MT binding most likely can modulate NOD’s
ATPase cycle.
Cytoskeletal motor proteins from the kinesin superfamily are
enzymes that utilize ATP hydrolysis to perform various functions
in eukaryotic cells. Their catalytic domain coordinates move-
ments of conserved structural elements located at the active
site (phosphate binding loop [P loop consensus: GQTxxGKT/
S], Switch 1 [Sw1: NxxSSR], Switch 2 [Sw2: DxxGxE]) with the
MT-binding interface (Kull and Endow, 2002; Vale, 2003). The
structural differences among kinesins result in variations of
the rate and equilibrium constants that govern their ATPase
cycles. Therefore, each motor elicits a different work output
that is utilized to perform different tasks inside cells.
Although the detailed structural mechanism of kinesin
activity remains unknown, the nucleotide state at the active
site is thought to trigger a switch in conformation that is then
transmitted to the adjacent regions of the core that interact with
the MT. This results in changes in MT binding affinity and stabiliza-
tion of the neck linker in alternate conformations (Kikkawa et al.,
2001; Kull and Endow, 2002). The structural elements of kinesins
that interact with the MT include the b5-L8 lobe consisting of
two antiparallel b strands in L8 (b5a and b5b), L11, and the
‘‘Sw2 cluster’’ that comprises the relay helix a4, L12, and a5
(Sosa et al., 1997; Woehlke et al., 1997). Communication from
the active site to the MT binding region is likely accomplished
through two pathways: (1) Sw1 (L9) to a3 to b5-L8 lobe (Ogawa
et al., 2004), and (2) Sw2 (L11) to the relay helix a4 to the remainder
of the ‘‘Sw2 cluster,’’ which dictates the orientation of the neck
linker for directed force production (Vale and Milligan, 2000).
Here, we present a minimal ATPase mechanism of the NOD
catalytic domain. We have determined the crystal structures of
NOD bound to adenosine diphosphate (ADP) and adenosine
50-(b,g-imido)triphosphate (AMPPNP, a nonhydrolyzable ATP
analog) as well as generated a cryo-electron microscopy
(cryo-EM) reconstruction of the MTdNOD complex in the nucleo-
tide-free state. We have used kinetic and thermodynamic meth-
odologies to characterize the key steps in the NOD ATPase
cycle. Our mechanistic analysis reveals that NOD binds tightly
to MTs in the nucleotide-free state, yet other nucleotide states
including AMPPNP are significantly weakened. Rapid substrate
binding leads to NOD detachment from the MT prior to ATP
hydrolysis. In the absence and presence of MTs, ATP hydrolysis
is the rate-limiting step, which is different from other kinesins.
Taken together, these studies suggest a model for how a nonmo-
tile kinesin tracks MT plus ends and harnesses the force of MT
polymerization to drive the movement of chromosome arms.
RESULTS
Structural Comparison of NOD with Other Kinesins
We solved the X-ray crystal structure of the NOD catalytic
domain in the ADP and AMPPNP states (Figures 1A and 1B,
and Figure S1 available online). The crystallographic model for
NODdADP was refined to 1.9 A˚ and NODdAMPPNP to 2.5 A˚
(Table S1). When the two NOD structures were superposed
using the P loop, the root mean square deviation (RMSD)between 287 alpha carbons was 1.62 A˚ (Figures 1C and 1D).
The most dramatic differences between the ADP and AMPPNP
states were observed in the loops of the MT binding region
(L11 and L8), helix a3, and the loops containing Sw1 (L9) and
Sw2 (L11). Both NOD structures were systematically compared
to the 49 kinesins in the Protein Data Bank (PDB, May 2008),
with the P loop used to superpose the structures. This superpo-
sition showed that the core b sheet was similar, with the excep-
tion of the length of b6 and b7 being 1–4 amino acids shorter in
NOD. Large structural differences were also observed among
the loops and helices that surround the core: L5, L8, L9-a3,
L11-a4-L12-a5, and a6.
Nucleotide-Sensitive Relay between Sw1, Sw2,
P Loop, and Nucleotide
A remarkable transition occurs in the hydrogen bonding pattern
of well-conserved residues at the nucleotide binding site when
NODdADP is compared with NODdAMPPNP (Figures 1E and
1F). For NODdADP (Figure 1E), the absence of the g-phosphate
allows T89 in the P loop to form a hydrogen bond with E231
from Sw2. The positioning of the R204 from Sw1 allows for two
hydrogen bonds with the backbone carboxyl groups of the
conserved G229 and E231 residues in Sw2. As Sw1 S203 is
14.9 A˚ from Mg2+ and the amide group of Sw2 G229 is 4.2 A˚
from where the location of the g-phosphate would be in
the ATP bound state, both Sw1 and Sw2 are in the open confor-
mation.
For NODdAMPPNP (Figure 1F), we observed the first fully
closed conformation of Sw2 in any kinesin as defined by a direct
hydrogen bond between the amide group of G229 and the
g-phosphate. Although L11 was mostly disordered in both
nucleotide states, the visible portions at the base of the loop
showed a distinct retraction away from the MT interface in
NODdAMPPNP compared to NODdADP (Figure 1D). This move-
ment is likely the result of the fully closed conformation of Sw2
and appears to be stabilized by a salt bridge between R234 on
L11 and E306 on a6 (Figure S2). In addition to the closure of
Sw2, the presence of theg-phosphate results in a conformational
change in P loop T89 such that it forms a direct hydrogen bond to
the g-phosphate. E231 from Sw2 swings away from T89 and
forms a hydrogen bond with S203 from Sw1, and R204 is reor-
iented toward the nucleotide pocket, where it interacts with
one of the Mg-coordinated water molecules.
Since the amino acids involved in this hydrogen bond relay are
well conserved in kinesins, myosins, and G proteins, we propose
that the configuration of hydrogen bonding in each NOD struc-
ture represents two different intermediate states in the ATPase
cycle. NODdAMPPNP represents a structural intermediate that
occurs after tight substrate binding, yet this state does not repre-
sent the ‘‘hydrolysis-competent’’ state given the open Sw1
(S203 = 12.3 A˚ from Mg2+). Once Sw1 reaches the closed confor-
mation, NOD can proceed along the pathway toward ATP hydro-
lysis. After Pi product is released, Sw1 and Sw2 can assume the
configuration observed in the NODdADP structure.
NOD’s L5 Directly Interacts with a3
Loop L5 appears to undergo conformational changes during the
kinesin-5 ATPase cycle and interacts with monastrol-likeCell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc. 111
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Figure 1. X-Ray Crystal Structure of NODdADP and NODdAMPPNP
(A) Structure of NODdADP is shown. ADP is displayed as a ball-and-stick model.
(B) NODdAMPPNP is shown as in (A).
(C and D) Superposition of NODdADP (blue) and NODdAMPPNP (orange) through alignment of the P loop (G87-S94) as viewed from the top (C) and from the side
(D). Arrows highlight the differences between the two states in Sw1, Sw2, a3, and L11.
(E) Configuration of hydrogen bonds between Sw1/Sw2 residues in NODdADP. Hydrogen bonds with measured distances are highlighted with magenta dashed
lines. The water molecules that coordinate Mg2+ are shown as red spheres.
(F) Active site configuration of hydrogen bonds for NODdAMPPNP in a similar orientation as (E).inhibitors (Cochran and Gilbert, 2005; Yan et al., 2004). In NOD,
L5 adopts a unique conformation compared to other kinesins in
which the first six amino acids of L5 swing away from the nucle-112 Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc.otide binding site and pack against a3 (Figure 2A). Interestingly,
the L5 conformation in NOD results in the positioning of P101
and P102 into a region that is analogous to the kinesin-5
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Figure 2. L5 and MT Binding Region in NOD Show Unique Conformation Compared to Other Kinesins
(A) Comparison of L5 in different kinesin families (gray) after P loop superposition. The N-terminal half of L5 in NOD (blue) packs against a3.
(B) Detailed view of L5 in NOD (blue) compared to L5 in kinesin-5 (orange) bound to monastrol (Mon). The pocket formed by P101 and P102 on L5 and L180, H181,
and L184 on a3 is shown.
(C) NODdADP (blue) was superposed with KHCdADP (gold) and oriented to show the b5-L8 lobe.
(D–F) NOD’s ‘‘Sw2 cluster’’ (blue) is compared to the ‘‘ADP-like’’ conformation in kinesin-1 ([D], 1bg2, magenta), the ‘‘ATP-like’’ conformation in kinesin-1 ([E],
1mkj, gold), and KIF2C ([F], 1v8j, red). View is from the MT binding surface. Clockwise rotation of NOD’s a4 relative to kinesin-1’s a4 is highlighted in (D) and (E).monastrol binding site (Figure 2B). This direct interaction of L5
with a3 may explain the similar kinetic profile of NOD for MT
binding and ADP product release (see below) compared to the
kinetic profile of kinesin-5 in the presence of monastrol or other
monastrol-like inhibitors (Cochran et al., 2005).
NOD’s MT Binding Region Displays an Alternate
Conformation
The b5-L8 lobe in both NOD structures lacks the b5a-b5b
hairpin as seen in all kinesin structures with the exception of
the kinesin-13 from Plasmodium falciparum (Shipley et al.,
2004) (Figure 2C). L8 in NOD contains many hydrophobic resi-
dues (M159-A164; sequence MPMVAA) that would potentially
contribute to interactions at the MT interface. In contrast, most
kinesins contain several charged residues in this lobe that signif-
icantly affect kinesin interaction with MTs (Klumpp et al., 2004). It
is unknown how this change of structure in L8 relates to MT
binding for NOD; however, this structural change may be impor-
tant for the proper binding mode of NOD at the ends of MTs.
Helix a4 shows two dominant conformations in all kinesin
structures—either ‘‘ADP-like’’ (‘‘up’’ = C-terminal end of a4 away
from the MT) or ‘‘ATP-like’’ (‘‘down’’ = C-terminal end of a4
toward the MT as well as a counterclockwise rotation of 12toward a6). We found a similar a4 conformation for NODdADP
versus NODdAMPPNP (RMSD = 1.3 A˚) (Figure 1D), which was
also observed for KIF2CdADP versus KIF2CdAMPPNP (RMSD =
0.5 A˚; Ogawa et al. [2004]). Nevertheless, NOD’s a4 adopts a
unique conformation with an average RMSD of 4.9 A˚ (range
3.0–7.8 A˚) for analogous residues in a4 from other kinesins. The
a4 conformation in NOD appears to be intermediate to the ‘‘up’’
and ‘‘down’’ positions, yet the long axis of the helix is rotated
in a clockwise direction by 18 compared to kinesin-1 in
‘‘ADP-like’’ conformation (Kull et al., 1996) (Figure 2D) and 24
for kinesin-1 in ‘‘ATP-like’’ conformation (Sindelar et al., 2002)
(Figure 2E). The a4 orientation in NOD is most similar to kinesin-
13 with respect to the C-terminal position and the clockwise
rotation away from a6 (Ogawa et al., 2004); however, the NOD
helix is shifted along its long axis by approximately 2.9 A˚
(Figure 2F). This change of conformation in the relay helix a4
will likely alter the MT interface, thus leading to distinct NOD
binding to the MT lattice.
Weak MT Binding in Presence of Nucleotide
We performed MTdNOD cosedimentation assays to measure the
affinity of NOD for MTs under different nucleotide conditions
(Figure 3). To obtain nucleotide-free conditions, NOD was treatedCell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc. 113
with alkaline phosphatase to cleave released ADP to AMP+Pi.
This treatment neither caused aggregation of NOD alone
(Figure 3A, inset) nor affected the kinetics of MTdNOD complex
formation (Figure S3). Under nucleotide-free conditions, NOD
bound very tightly to MTs (Kd,MT = 0.072 mM), but in the presence
of excess ADP (1 mM), its affinity was significantly weakened
(Kd,MT = 11.6 mM). Consistent with these results, reactions with
a stoichiometric amount of ADP with NOD [1 mol NOD to 1 mol
ADP, or NODdADP (1:1)] weakened its MT affinity by an order
of magnitude compared to nucleotide-free conditions (Kd,MT =
0.69 mM). Surprisingly, we observed weak MT binding in the pres-
ence of excess AMPPNP and ATP (Kd,MT = 9.4 mM and 8.0 mM,
respectively; Table S2). Matthies et al. (2001) observed similar
MTdNOD affinities under these nucleotide conditions. This MT
binding behavior is unique for kinesins studied to date; typically,
kinesins bind to MTs with high affinity in the presence of nonhy-
drolyzable ATP analogs such as AMPPNP. We also followed the
kinetics of MTdNOD complex formation under different nucleo-
tide conditions (Figure S3). We observed robust NOD interaction
with MTs in the absence of nucleotide. However, NOD shows
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Figure 3. Cosedimentation Experiments under Different Nucleotide
Conditions
(A) The fraction of NOD in the MT pellet was plotted against MT concentration.
For NOD+Alk Phos, Kd,MT = 0.072 mM. For NODdADP (1:1), Kd,MT = 0.69 mM.
The inset shows the SDS gel for control reactions. The supernatant (S) and
pellet (P) were loaded with the conditions indicated above each pair.
(B) NOD plus saturating nucleotide concentrations was incubated with increasing
MTs. For ATP, Kd,MT = 8.0 mM. For ADP, Kd,MT = 11.6 mM. For AMPPNP, Kd,MT =
9.4 mM.114 Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc.little association with MTs under increasing nucleotide concen-
trations, consistent with our cosedimentation results.
Nucleotide-free MTdNOD Complex Shows Different
Binding Orientation
We used cryo-EM to investigate the structure of the MTdNOD
complex under different nucleotide conditions. Typically,
many decorated MTs of length greater than 1 mm were found
in cryo-EM samples of the MTdkinesin-1 complex (Sindelar and
Downing, 2007). However, fully decorated MTs were rare in
samples of the MTdNOD mixture, where many MTs appeared
‘‘flattened’’ as if they had been unrolled into a flat sheet and
were often found in short fragments. These short MT fragments
showed evidence of decoration by NOD, such as increased
diameter relative to undecorated MTs and a ‘‘fuzzy’’ appearance
in which the underlying tubulin repeat structure was obscured.
However, these fragments did not show 80 A˚ diffraction in their
digital Fourier transforms, suggesting that NOD may have an
atypical MT binding mode under these experimental condi-
tions—differing substantially from the binding mode of conven-
tional kinesins. These ‘‘atypical’’ MTdNOD complexes will be
the subject of future investigations.
To generate an 11 A˚ cryo-EM reconstruction of the nucleotide-
free MTdNOD complex, we screened scanned MT images for
those showing significant 80 A˚ layer lines in the Fourier trans-
form. The binding location and orientation of NOD on the MT
were approximately consistent with previous reconstructions
of MTdkinesin complexes (Hirose et al., 2006; Sosa et al.,
1997). However, the docking of the crystal structure of NOD
into the cryo-EM map revealed an unexpected rotation of the
NOD domain relative to the MT (Figure 4, Movie S1). While the
low occupancy of the NOD on the MT binding site limited
the precision of the fit (see the Supplemental Experimental
Procedures), we nevertheless established that NOD was rotated
clockwise (when viewing the MT surface) relative to the orienta-
tion found for nucleotide-free MTdkinesin-1 (Sindelar and Down-
ing, 2007) (Figure 4C). Assuming that NOD’s relay helix is bound
on the microtubule with the same geometry as that of kinesin-1
or KIF1A, the clockwise rotation we observed for NOD on the
MT correlates well with the clockwise rotation of relay helix a4
at 18 (relative to kinesin-1) in our two crystal structures
(Figure 2D). Strikingly, this clockwise rotation of nucleotide-
free NOD relative to nucleotide-free kinesin-1 on the MT is in
the opposite direction from the counterclockwise rotation re-
ported upon binding of ATP analogs to KIF1A (Kikkawa et al.,
2001) or kinesin-1 (Skiniotis et al., 2004). This binding orienta-
tion for nucleotide-free NOD is thus significantly different from
the orientations found in other kinesins in numerous nucleotide
states.
Kinetics of MTdNOD Complex Formation Reveals Two
Stable NOD Conformations
In order to better understand the kinetics of MTdNOD complex
formation, we used a stopped-flow instrument to monitor
changes in turbidity as NOD binds the MT (Figures 5A–5C).
The observed rate of each exponential phase increased hyper-
bolically with MT concentration, yielding a maximum observed
rate of 3.5 s1 and 0.5 s1 for the fast and slow phases,
respectively. The hyperbolic increase in the observed rate
constants and the low apparent second-order rate constant at
0.8 mM1s1 indicate (at least) a two-step mechanism for MT
binding by NOD. The first step corresponds to the formation of
the MTdNOD collision complex with NOD bound weakly to the
MT, and the second step corresponds to an isomerization of the
collision complex to tighten NOD’s affinity for the MT. NOD binds
ADP at 2 mM as determined from competitive inhibition assays
(Figure S4), so under these experimental conditions, NODdADP
(1:1) exists in equilibrium between nucleotide-free (53%) and
ADP-bound (47%) states. Together, these data suggest two
conformation states in NOD, which correlates well with the nucle-
otide state at the active site (nucleotide free versus ADP bound).
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Figure 4. Cryo-EM Reconstruction of the Nucleotide-free MTdNOD
Complex
(A) Crystal structures of NODdADP (blue) and tubulin (yellow) docked into our
11 A˚ reconstruction.
(B) Kinesin-1 (magenta) docked into the 9 A˚ cryo-EM reconstruction of the
nucleotide-free MTdkinesin-1 complex filtered to 11 A˚ for comparison with (A).
(C) Comparison of the nucleotide-free MTdNOD and MTdkinesin-1 complexes.
The axis of rotation relates the orientation of NOD to kinesin-1 revealed
an 19 rotation.Weak Activation of ADP Release from NOD
upon MT Binding
MantADP [mant: 20–(30)–O–(N–methylanthraniloyl)] release
kinetics were measured by rapidly mixing NODdmantADP with
MTs plus excess unlabeled ATP in a stopped flow (Figure 5D).
The observed rate of mantADP release increased from 0.2 s1
to 0.6 s1 at increasing MT concentrations (Table S2). This repre-
sents only a 3-fold activation of ADP release, which is different
than other kinesins (100- to 10,000-fold acceleration), yet is
similar to the kinetics of ADP release for kinesin-5 in the presence
of monastrol (Cochran et al., 2005). We did not observe activation
of mantADP release by mixing with either soluble tubulin or me-
chanically sheared MTs (data not shown). The maximum rate
of MT-stimulated mantADP release at 0.6 s1 correlates well
with the rate of the slow phase for MTdNOD complex formation
(kslow = 0.5 s
1). The slow exponential increase in turbidity
observed in the MTdNOD association experiments corresponds
to the NODdADP complex interacting with the MT; thus, the isom-
erization of the MTdNODdADP collision complex to tighten NOD’s
affinity for the MT promotes ADP release from the NOD active site.
Nucleotide Binding to NOD Occurs via a Two-Step
Mechanism
We performed mantATP and mantADP binding experiments by
direct mant-fluorescence enhancement and by fluorescence
resonance energy transfer (FRET) between intrinsic protein fluo-
rescence and the mant-fluorophore (Figure 6A and Figure S5).
Both methods provided similar kinetics for nucleotide binding.
At low mantATP concentrations, the rate increased linearly at
5.1 mM1s1 (Figure 6A, inset), and at higher mantATP concen-
trations, we observed slight curvature in the data with the hyper-
bolic fit of these data providing an extrapolated maximum rate
at more than 750 s1 (Table S2). These rate constants suggest a
two-step mechanism with a rapid conformational change that
tightens substrate binding to NOD. The kinetics of mantADP
binding also showed a similar profile with a rapid isomerization
leading to tightened ADP binding (Figure S5). Together, our
mantADP and mantATP binding data suggest a symmetrical
mechanism for nucleotide binding to NOD with ADP binding
more tightly than ATP substrate (Table S2).
Rapid Nucleotide Binding Promotes Dissociation
of the MTdNOD Complex
Due to the results of our cosedimentation experiments in the
presence of excess ATP or AMPPNP as well as the inhibition
of MTdNOD complex formation under similar conditions, we
hypothesized that tight substrate binding would promote
detachment of NOD from the MT. A nucleotide-free MTdNOD
complex was rapidly mixed with different nucleotides in a
stopped-flow instrument to monitor changes in light scattering
as NOD detached from the MT (Figure 6B). We observed rapid
dissociation upon binding ATP, ADP, or AMPPNP (Table S2).
Since we see equivalent detachment of NOD from the MT in
the presence of AMPPNP and there is no apparent lag in the
kinetics of dissociation, we hypothesize that ATP hydrolysis
occurs while NOD is off the filament, similar to the ATPase mech-
anisms of myosin (reviewed in De La Cruz and Ostap, 2004) and
dynein (Johnson, 1983). In contrast, all kinesins studied to dateCell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc. 115
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Figure 5. Kinetics of MTdNOD Complex Formation
(A) Transients are shown at increasing MT concentrations (as indicated) and were fit to a double exponential.
(B) The observed rate from the fast phase was plotted against MTs: kmax = 3.5 s
1, and Kd,MT = 1.5 mM. The inset shows data at low MT concentrations: K+6k+7 =
0.75 mM1s1, and koff,MT = 0.5 s
1.
(C) The observed rate obtained from the slow phase was plotted against MTs: kmax = 0.49 s
1, andK1/2,MT = 0.5 mM. The inset shows the amplitudes of the fast and
slow phases at high MTs.
(D) Rate of mantADP release was plotted against MTs: kmax = 0.60 s
1, with K1/2,MT = 6.5 mM. MantADP release in the absence of MTs was 0.23 s
1. The inset
shows transients for control reactions.remain bound to the MT until after ATP hydrolysis, where they
adopt the conformation that leads to filament detachment.
ATP Hydrolysis Is Rate Limiting Followed by Rapid
Pi Product Release
The ATP hydrolysis kinetics were defined by acid-quench assays
(Figure 6C). For both concentrations of NOD used, we observed
a slow linear phase of product formation that provides an esti-
mate of the rate of the slow step that limits steady-state ATP
turnover at 0.016 s1/site (Table S2). Since we do not observe
an exponential burst of product formation, these data suggest
that the step of ATP hydrolysis is the rate-limiting step in the
cycle in the absence of MTs, which is unique for any kinesin
studied to date. Typically, in the absence of MTs, ADP product
release represents the rate-limiting step (Hackney, 1988). To
reach the ‘‘hydrolysis-competent’’ state, we suggest that
a conformational change in Sw1 occurs to reach the fully closed
conformation, which provides a structural explanation for the
rate-limiting reaction in the NOD ATPase cycle. The direct inter-116 Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc.action of L5 with a3 may play a role in slowing the kinetics of this
conformational change in Sw1.
To directly measure the kinetics of Pi product release from
NOD after ATP hydrolysis, we performed stopped-flow experi-
ments that detect the change in MDCC-PBP [7-diethylamino-
3-((((2-maleimidyl)ethyl) amino)carbonyl) coumarin-labeled
phosphate binding protein] fluorescence upon binding Pi
released into solution (Brune et al., 1994). We observed a slow
linear phase in the Pi release kinetics even at high ATP concen-
trations (Figure 6D), with a maximum observed rate at 0.016 s1
(Figure 6E; Table S2), which correlates well with the rate of ATP
hydrolysis. These results suggest that a slow reaction that
occurs before Pi release limits the observed kinetics. We per-
formed these experiments in the absence and presence of
MTs and did not observe a difference in the Pi release kinetics
(Figure 6F), again supporting the hypothesis that NOD hydro-
lyzes ATP after it is dissociated from the MT. Therefore, NOD
binds ATP tightly, dissociates from the MT, slowly hydrolyzes
the nucleotide, and releases the Pi product rapidly (Figure 7A).
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Figure 6. Kinetics of MantATP Binding, AXP-Promoted Dissociation of the MTdNOD Complex, ATP Hydrolysis, and Pi Product Release
(A) The observed exponential rate of mantATP binding was plotted against mantATP concentration: kmax = 900 s
1, and Kd,mATP = 162 mM. The inset shows the
rates at low mantATP: K+1k+2 = 5.1 mM
1s1, and koff,mATP = 0.02 s
1.
(B) MTdNOD was mixed with excess ATP, ADP, and AMPPNP, and light scattering was monitored over time. ATP, 5.9 s1; ADP, 11.2 s1; and AMPPNP, 7.1 s1.
(C) Time course of Pi product formation after NOD was reacted with ATP in acid-quench assays. The observed rate of ATP turnover was 0.016 s
1/site.
(D) MTdNOD and MDCC-PBP were mixed with increasing ATP and MDCC-PBP fluorescence enhancement was monitored. Shown are transients of Pi released
from NOD at increasing ATP.
(E) The rate of Pi release was plotted versus ATP concentration: kmax = 0.016 s
1, and K1/2,ATP = 3.8 mM.
(F) The kinetics of Pi release in the absence (C) and presence (B) of MTs.DISCUSSION
We have defined a minimal NOD ATPase mechanism by deter-
mining the crystal structures of NODdADP and NODdAMPPNP,deriving a cryo-EM reconstruction of the nucleotide-free
MTdNOD complex, and employing a combination of kinetic
and thermodynamic methodologies to characterize key
ATPase reactions (Figure 7A). This analysis sheds light on theCell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc. 117
mechanochemistry of both NOD and other filament-motor
systems, as well as provides insight into how kinesin-10s modu-
late their ATPase for force generation.
NOD’s L5 Reveals Potential Mechanism for Monastrol
Inhibition of Kinesin-5
Loop L5 shows variability in length across the superfamily (8–
21aa), yet its structural importance in kinesin mechanochemistry
remains elusive. Interestingly, in our analysis of the NOD struc-
tures, we observed an L5 conformation that establishes a physical
linkage to a3 that is very similar to the linkage that occurs when
monastrol or other kinesin-5 inhibitors occupies its binding pocket
(Figure 2). Our kinetic experiments with NOD revealed slow
MTdNOD complex formation, as well as slow MT-stimulated
ADP release. These two steps in kinesin-5’s ATPase cycle were
shown tobedramaticallyaffected in the presenceof inhibitors (Co-
chran et al., 2005; DeBonis et al., 2003; Krzysiak et al., 2006), sug-
gesting that the steps of MT binding and MT-activated ADP
A B 
Figure 7. MTdNOD ATPase Model
(A) In vitro MT-NOD ATPase model. ATP binding to
MTdNOD (Species 1) occurs in two steps: weak
collision (2) followed by an isomerization (3). After
tight ATP binding, NODdATP detaches from the
MT (4), followed by the rate-limiting ATP hydrolysis
(5). Pi release occurs rapidly (6), and binding the
MT lattice occurs in two steps: weakly MT bound
intermediate (7) followed by an isomerization of
the MTdNODdADP complex to tighten MT binding
affinity (8). Upon tight MT binding, ADP release
from NOD occurs.
(B) In vivo model for NOD function during cell divi-
sion. NOD 1 is bound to the MT plus end (yellow
b-tubulin), resulting in a binding mode that
prevents ATP binding. However, NOD 2 is bound
along the MT lattice and has the ability to bind
ATP and release from the filament. After the MT
polymerizes (purple b-tubulin), NOD 1 is located
along the lattice, where it can bind ATP and
release. NOD 2 interacts with the newly formed
MT plus end and is incapable of binding ATP.
product release are regulated through
direct interactions between a3 and L5.
The absence of the physical linkage
between a3 and L5 in other kinesins allows
rapid MT binding and rapid ADP release.
Our data support the previously stated
hypothesis that upon MT binding, a3
undergoes a conformational change to
contribute to the accelerated rate of
ADP product release (Sindelar and
Downing, 2007; Yun et al., 2001). We
propose the physical linkage between
L5 and a3 in NOD exists in equilibrium,
such that the linkage would be broken
upon transition from the nucleotide-
bound state to the nucleotide-free state.
If the physical linkage is broken in the
nucleotide-free state, we would expect more rapid MT binding
because of the freedom of a3 to undergo its conformational
change. If physical linkage exists in the nucleotide-bound state,
we would expect slow MT binding. This hypothesis is supported
by our initial rapid rate of MTdNOD complex formation as well as
the nucleotide-dependent inhibition of NOD association with
MTs (Figure 5 and Figure S3). Even when we deplete nucleotide
by treatment with alkaline phosphatase, we still observe double
exponential kinetics of MTdNOD complex formation
(Figure S3C), suggesting that the presence of nucleotide at the
active site is not necessary for this equilibrium to exist. Nucleotide
binding simply shifts the equilibrium toward the weak MT binding
state as observed in our cosedimentation assays (Figure 3).
Structural Pathway of Sw1-a3-L8 Analogous
to Signaling Pathway in Myosins
The L8-a3 lobe of kinesins, which interacts with the MT lattice,
corresponds to an analogous region of myosins called the upper118 Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc.
50K domain, which contains part of the actin binding region. It
was observed in the nucleotide-free state of myosin II from Dic-
tyostelium discoideum that the upper 50K domain undergoes
a rotation toward the actin binding surface to open the nucleo-
tide binding pocket (Kull and Endow, 2004). We propose that
a similar rotation occurs in the L8-a3 lobe of kinesins to ‘‘clamp’’
the motor onto the MT, which promotes the release of ADP
product from the active site (Figure 7A). It has been previously
hypothesized that upon MT binding, structural communication
through the L8-a3-Sw1 pathway may be responsible for the
accelerated rate of ADP product release (Sindelar and Downing,
2007; Yun et al., 2001). Interestingly, the second-site mutations in
NOD that restore the effects of the P loop substitution (S94N)
were identified in the structural elements of the Sw1 (L9)-a3-L8
region (Rasooly et al., 1994). Together, these results support
the hypothesis that the Sw1-a3-L8 structural communication
pathway is important for ADP product release from kinesins.
Helix a6 Interaction with the ‘‘Sw2 Cluster’’ Regulates
MT Interaction
Communication between the nucleotide binding site and the MT
binding region is also accomplished through the L11-‘‘Sw2
Cluster’’ structural pathway. The large clockwise rotation of
NOD’s a4 is supported by the extension of a6, which connects
to the neck linker in kinesin motors (Figures 2D–2F). Helix a6 in
both NOD structures interacts with a4 primarily through hydro-
phobic contacts between F313 on a6 and L253 and L254 on
a4. Helix a6 is on average four residues longer in NOD compared
to all kinesins (range three to seven residues), which provides
additional hydrophobic packing between A320 on a6 and V260
and M261 on a4. To accommodate this extension of a6, a4
moves in a clockwise rotation, described above (Figures 2D–
2F). A similar a6 extension is observed for KIF2C, which also
moves a4 in a clockwise direction (Ogawa et al., 2004). Our
cryo-EM structural data of the nucleotide-free MTdNOD complex
suggest that NOD adopts a distinct binding orientation on the MT
relative to other kinesin family members. This binding geometry
may contribute to weak MT binding in the ATP-bound state of
NOD, which is a unique feature of NOD relative to other well-
characterized kinesin family members. These results provide
a structural model for how kinesin motors can regulate MT inter-
actions through the common mechanical elements.
MTdNOD Interaction along the Lattice May Be Distinct
from End Binding
The kinetic and thermodynamic methodologies employed in this
study have not been able to distinguish between NOD interaction
along the MT lattice and NOD interaction at the ends of the MT.
Therefore, understanding of the potential difference in ATPase
kinetics at the MT ends cannot be addressed in this study. Never-
theless, in our cosedimentation experiments, we observed tight
MT binding under nucleotide-free conditions, yet our cryo-EM
experiments under similar conditions revealed a heterogeneous
population of MTdNOD complexes. This heterogeneous popula-
tion comprises normal-length MTs that were not fully decorated
by NOD, which were used for the cryo-EM reconstruction, and
other shorter fragments or flattened MTs that displayed ‘‘atypical’’
NOD occupancy. Though we have not further investigated this‘‘atypical’’ MTdNOD interaction, we speculate that this binding
mode may correlate with NOD interaction with the MT ends as
observed in previous studies (Cui et al., 2005). Further studies
on this MTdNOD interaction will hopefully shed light on the mech-
anismforhowNODstimulatesMTpolymerization at the plusends.
NOD ATPase Cycle Provides Model for In Vivo Function
In Figure 7B, we propose an in vivo model for NOD function that
incorporates results from these previous studies and those pre-
sented in this manuscript. NOD can potentially bind everywhere
along the MT lattice (subsequently releasing its ADP product).
However, anywhere except at the MT plus end, it quickly rebinds
ATP and releases from the MT lattice. Our model predicts that
NOD bound to the MT plus end is unable to bind ATP and
remains tightly bound to the MT. As the MT continues to poly-
merize, the previously end-bound NOD regains the ability to
bind ATP, releases from the MT, and undergoes a biased diffu-
sion-based search for the new MT end.
This mechanism for NOD is consistent with a model that
invokes regulation at the MT plus ends to prevent premature
detachment of NOD upon binding ATP. This regulation could
be achieved through several possible mechanisms: (1) an alter-
nate conformation of the terminal GTP-bound tubulin hetero-
dimer results in a different binding mode for NOD such that it
cannot bind ATP, (2) because of the increased relative concen-
tration of chromosome-associated NOD at the MT plus end,
NOD may form rings and spirals around the MT in an analogous
manner as kinesin-13s (Tan et al., 2006) such that the active site
is obstructed from binding nucleotide, and/or (3) an unknown
cellular cofactor that also tracks with MT plus ends could interact
with NOD to regulate its ATPase cycle. Regardless of the regula-
tion mechanism, the energy of NOD’s ATPase cycle is utilized to
regulate MT interactions instead of being converted to mechan-
ical energy for vectorial transport.
Conclusions
This study has uncovered an interesting ATPase mechanism of the
kinesin-10 NOD through detailed structural, kinetic, and thermody-
namic methodologies. The X-ray crystal structures of NODdADP
and NODdAMPPNP have revealed differences in Sw1 and Sw2
as well as the MT binding region that have given insights into the
structural communication between the moving parts of a kinesin
motor. The NOD ATPase mechanism is unique among other kine-
sin motors with tight substrate binding leading to NOD detachment
from the MT prior to ATP hydrolysis. Collectively, this analysis has
defined several features of NOD that are important for kinesin
familymembersandhasadvancedourunderstandingof the mech-
anochemistry of both NOD and other cytoskeletal motors. Finally,
we propose an in vivo model for how NOD harnesses the energy of
MT polymerization to drive movement of chromosome arms
toward the metaphase plate during cell division. This model may
also help understand how other nonmotile kinesins such as kine-
sin-13s function to tetherkinetochores todepolymerizing MTends.
EXPERIMENTAL PROCEDURES
Experimental Conditions
Kinetic and thermodynamic experiments were performed at 25C in ATPase
buffer [20 mM Piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES, pH 6.8),Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc. 119
2 mM magnesium acetate, 98 mM potassium acetate, 1 mM dithiothreitol
(DTT)]. On the day of each experiment, an aliquot of purified bovine brain
tubulin was thawed and cycled, and the MTs were stabilized with 20 mM Taxol
(paclitaxel). We determined protein concentration by the Bio-Rad Protein
Assay with bovine serum albumin (BSA) as the standard.
NOD Purification
We have expressed the NOD catalytic domain (M1-K318) with an N-terminal
FLAG tag and C-terminal 6xHis purification tag as described previously (Cui
et al., 2005). For NOD crystallization, the protein was exchanged into Xtal
buffer (50 mM PIPES [pH 6.8], 1 mM ethylene glycol tetraacetic acid [EGTA],
2 mM MgCl2, 1 mM DTT, 0.1 mM ATP or 1 mM AMPPNP). For kinetic experi-
ments, NODdADP (1:1) was exchanged into ATPase buffer. For multiwave-
length anomalous dispersion (MAD) phasing experiments, NOD protein was
labeled with selenomethionine (SeMet) using a modified method developed
by Studier (Studier, 2005). SeMet labeled NOD was prepared with the same
protocol as the native protein.
Protein Crystallization
Both native and SeMet derivative NODdADP crystals and NODdAMPPNP
crystals were obtained by hanging drops of equal volumes of protein supple-
mented with 1 mM ATP and 1 mM AMPPNP, respectively, and 0.1 M 2-(N-mor-
pholino)ethanesulfonic acid (MES, pH 6.5), 15% polyethylene glycol 20,000
(QIAGEN) at 4C. For both native and SeMet derivative crystals, 25% glycerol
was used as a cryoprotectant.
Data Collection and Structure Refinement
X-ray diffraction data for NOD crystals were collected at the X6A beamline
(National Synchrotron Light Source, Upton, NY). The data sets were integrated
and scaled with XDS (Kabsch, 1993). The structure of NODdADP was solved by
MAD phasing techniques, and the positions of the selenium atoms were deter-
mined and refined with the program SOLVE (Terwilliger and Berendzen, 1999).
Solvent flattening with the program RESOLVE (Terwilliger, 2000) yielded an
interpretable electron density map. The model was built with Coot (Emsley
and Cowtan, 2004), and this starting model was completed by iterative rounds
of refinement with Crystallography and NMR System (CNS) (Brunger et al., 1998)
after model rebuilding with 2Fo–Fc and Fo–Fc maps. This model was further
refined against the native NODdADP crystal diffraction data to 1.9 A˚ resolution.
Water molecules were added with CNS and manually verified. X-ray data collec-
tion and refinement statistics are given in Table S1. The PDB ID code is 3DC4.
The structure of NODdAMPPNP was solved by molecular replacement strat-
egies with CNS being used to place the NODdADP model without the ADP
coordinates. To incorporate the AMPPNP molecule, the NOD structure was
aligned with the KIF1AdAMPPNP structure (1VFV) with the P loop. Multiple
rounds of refinement and model building were performed with CNS, and water
molecules were added and manually verified. The PDB ID code is 3DCB.
Cosedimentation Assays
The MTdNOD cosedimentation assays were performed by mixing NOD with
increasing MTs for 5 min before the addition of either AMPPNP, ATP, ADP,
or 0.1 U alkaline phosphatase (Roche Applied Science) (Cochran et al.,
2004). These complexes were incubated for 30 min and centrifuged at
100,000 3 g for 30 min (Beckman Optima TLX). Gel samples were prepared
for the supernatant and pellet fractions for each reaction and were analyzed
with SDS-PAGE.
Cryo-EM
NOD was exchanged into ‘‘EM buffer’’ (10 mM PIPES [pH 6.9], 1 mM EGTA,
2 mM MgCl2, 1 mM DTT, 5% sucrose) with Vivaspin-500 concentrators.
MTs were prepared by prespinning of 25 ml aliquots of glycerol-free bovine
tubulin (10 mg/ml; Cytoskeleton) at 100,000 rpm for 10 min (Beckman TLA
100.2). Aliquots were polymerized at 37C for 15 min before the addition of
12.5 of ml Taxol (0.2 mM) and continuation of polymerization for 30 min. These
MTs were pelleted through a 50 ml glycerol cushion plus 20 mM Taxol at
50,000 rpm for 20 min. The pellet was washed and resuspended in 10 ml of
2.5 mM PIPES (pH 6.8), 1 mM EGTA, 2 mM MgCl2, 20 mM Taxol. For the
production of cryo-EM samples, 0.5 ml MTs was added to 1.5 ml water, fol-120 Cell 136, 110–122, January 9, 2009 ª2009 Elsevier Inc.lowed by 0.4 ml apyrase (1 mg/mL), followed by 0.5 ml NOD. After mixing, the
resulting drop was applied to a homemade holey carbon grid (not subjected
to glow discharge). A small piece of filter paper was used to wick away most
of the drop, leaving a thin meniscus of sample on the grid. The grid was blotted
and plunge-frozen into liquid ethane.
Three-Dimensional Reconstruction
Micrographs of the cryo-EM specimens were taken with a JEOL 4000 micro-
scope operating at 400 kV and were processed according to previous
methods (Sindelar and Downing, 2007). After reference alignment, MTs were
computationally straightened and Fourier transformed to visually inspect for
the presence of 80 A˚ layer lines. Three hundred boxed segments from 20
MTs—representing 20,000 individual NOD-tubulin complexes—were
selected for the final reconstruction. Three iterations of refinement and recon-
struction resulted in convergence of the final density map, as judged by
extremely high similarity with the second-to-last iteration’s output map. The
final reconstruction was amplitude sharpened using a B-factor of 400, which
produced structure factors having qualitatively similar amplitudes as an anal-
ogous synthetic decorated microtubule generated from fitted atomic coordi-
nates (data not shown). The resolution of the final reconstruction was esti-
mated as 11 A˚ by both RMEASURE (Sousa and Grigorieff, 2007) and Fourier
Shell Correlation (Van Heel, 1987) comparison of reconstructions from two
independent half data sets. The PDB ID code is 3DCO for the docked coordi-
nates, and the EMDB accession number is 10606 for the electron density map.
Stopped-Flow Experiments
The pre-steady-state kinetics of MTdNOD complex formation, MT-activated
mantADP release, mantADP and mantATP binding, nucleotide-promoted
MTdNOD dissociation, and inorganic phosphate (Pi) release were measured
with the SF-2004 KinTek stopped-flow instrument as described previously
(Cochran et al., 2006; Cochran et al., 2004).
Acid-Quench Experiments
The kinetics of ATP hydrolysis were determined by utilization of the acid-
quench methodology (Gilbert and Mackey, 2000). The reaction was initiated
by rapid mixing of equal volumes of NOD with ATP (50 ml each) by pipetting,
incubated for 2–30 s, quenched with 100 ml of 2 M HCl, and neutralized with
32 ml of 2M Tris-3M NaOH. For quantification of the background level of Pi in
the reaction, a zero time point was performed by mixing of NOD with 2 M
HCl, followed by addition of ATP and 2M Tris-3M NaOH. Pi was quantified
by rapid mixing of the reaction contents at each time point with MDCC-PBP
in a stopped-flow instrument.
ACCESSION NUMBERS
The coordinates for the NODdADP, NODdAMPPNP, and MTdNOD structures
reported in this paper have been deposited in the RCSB Protein Data Bank
with the accession numbers 3DC4, 3DCB, and 3DCO, respectively. The
cryo-EM electron density map for the MTdNOD complex in the absence of
nucleotide has been deposited in the Electron Microscopy Data Bank
(EMDB) with the accession number 10606.
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